Introduction {#Sec1}
============

Manifestations of candidiasis are associated with biofilm formation occurring on surfaces of host tissues and medical devices \[[@CR1], [@CR2]\]. *Candida albicans* is the most frequently isolated causative pathogen of candidiasis \[[@CR3]\], and the network of the biofilm displays significantly increased levels of resistance to conventional antifungal agents \[[@CR4]\]. The dimorphic yeast *C. albicans* can be either a commensal or an opportunistic pathogen that can cause a variety of infections, ranging from superficial mycoses to life-threatening illnesses \[[@CR5]\].

In elderly patients, oral *Candida albicans* strains occur at a frequency above average, especially in patients wearing dentures \[[@CR6], [@CR7]\]. These dentures are frequently combined with dental implants. A causal relationship between a persisting biofilm on the implant surface and the occurrence of peri-implant inflammation has been clinically established. The proof of colonisation of certain bacteria and yeasts was associated with peri-implant infections, in some cases even with loss of implants \[[@CR8]--[@CR12]\].

One concept for prevention and therapy of peri-implant infections is the decontamination of the surface, which leads to a reduction in the number of pathogenic microbes on the implant surface \[[@CR12]\]. In cases of biofilm-associated infections with fungi it is important to increase the efficacy of treatment. The reason is a reduced susceptibility of *C. albicans* towards conventional treatment approaches \[[@CR4]\].

The antimicrobial activity of laser light, which depends on its photothermic effects, has been evaluated both in vitro and in vivo \[[@CR13]--[@CR21]\], but there are few studies reporting on the effect of laser light on fungal biofilms \[[@CR22]--[@CR24]\]. Our study evaluated the efficacy of two different laser wavelengths \[an erbium:yttrium--aluminium--garnet (Er:YAG) laser with a wavelength of 2940 nm and diode laser with 810 nm wavelength\] on different oral strains of *Candida albicans* grown in a 5-day biofilm.

Materials and methods {#Sec2}
=====================

Yeast strains and growth conditions {#Sec3}
-----------------------------------

Two clinical oral isolates of *Candida albicans* were used in the study. The first *C. albicans* strain, named SK1, was a clinical oral isolate from a patient suffering from a total denture stomatitis. The second *C. albicans* strain, named SK2, was a clinical oral isolate derived from an immunocompromised patient with oral mycosis. After 12 h of growth in glucose broth at 37°C, the *Candida* cells were harvested at the end of the logarithmic growth phase. Then, the yeast cells were washed three times with phosphate-buffered saline (PBS, pH 7.0) and standardised to 1 × 10^7^ cells/ml.

Biofilm formation {#Sec4}
-----------------

The biofilm was established on the basis of Chandra et al. \[[@CR39]\] and modified as follows: 100 μl of the standardised *C. albicans* cell suspension was put onto the surfaces of small discs placed in a 24-well tissue culture plate (Corning No 3524, Corning Inc., New York, USA). Either round glass slides (Menzel, Braunschweig, Germany), 12 mm in diameter, or machined titanium devices of the same diameter (Friadent, Mannheim, Germany) were used, covered with foetal calf serum (Biochrom, Berlin, Germany) for 24 h before the *Candida* cells were allowed to adhere for 90 min at 37°C (adhesion phase). After that time, non-adherent cells were removed from the slips by being gently washed with 2 ml PBS. The discs were then submerged in 2 ml of brain heart infusion broth (Oxoid, Wesel, Germany) and incubated for 5 days at 37°C. This medium was replaced every 24 h by the same new medium. Discs with no cells on their surfaces were treated in the same way and were used as negative controls. Control and experimental slips were incubated at 37°C for 5 days (biofilm growth phase).

Quantitative measurement of the biofilms {#Sec5}
----------------------------------------

The biofilm mass was measured according to the method of Chandra et al. with a colorimetric assay that determines mitochondrial dehydrogenase activity, an indicator of the metabolic state of the fungal cells. This assay is based on the metabolic reduction of 2, 3-bis (2-methoxy-4-nitro-5-sulphophenyl)-5-((phenyl amino) carbonyl)-2H-tetrazolium hydroxide (XTT) to a water-soluble brown formazan product. For the quantitative measurement, the discs with biofilms were transferred to new 24-well tissue culture plates containing 2 ml PBS per well. To each well were added 25 μl XTT (1 mg/ml in PBS) and 2 μl menadione solution (1 mM in acetone). Plates were incubated at 37°C for 5 h. The entire contents of the well were transferred to a tube and centrifuged (5 min, 10,000 *g*). The amount of XTT--formazan in the supernatant was determined spectrophotometrically at 492 nm.

Exposure of the *Candida* biofilms to laser irradiation {#Sec6}
-------------------------------------------------------

The antimicrobial efficacies of two different laser wavelengths were studied. The parameters to be applied were chosen according to clinical evaluations \[[@CR19], [@CR23]\].

The Elexxion duros laser (Elexxion, Radolfzell, Germany) was employed, representing both an 810 nm wavelength diode laser and a 2940 nm wavelength Er:YAG laser. Diode laser light of 810 nm wavelength was applied in slight contact mode with a 600 μm fibre in continuous wave mode (cw) at 1 W for 80 s. After each 20 s irradiation time a 30 s pause for cooling was included in the regimen \[[@CR19]\]. The power density represented 353.7 W/cm^2^.Er:YAG laser light of 2940 nm wavelength was applied in pulsed mode (100 mJ, 10 Hz, 300 μs per pulse), also for 80 s irradiation time. The 800 μm sapphire application tip was continuously cooled with sterile deionised water during the application of laser light and kept at a distance of 0.5 mm to 1 mm from the irradiated surface. According to the 13° divergence the energy density represented 12.0 J/ cm^2^ and 15.2 J/ cm^2^.

In order to test the efficacy of the laser irradiation regimen under conditions relevant for clinical situations, we irradiated the *Candida* biofilms for 80 s at room temperature. After removal of the growth medium, the discs were taken from the well plates and irradiated at the laser wave lengths described above. The treatments were performed by an oral surgeon conversant with laser application.

The irradiation time for both kinds of slides, for the diode as well as for the Er:YAG laser, added up to 80 s. According to the absorption spectrum of the diode laser, the glass slides were placed on a dark sterile background and were irradiated unilaterally. The titanium sleeves were irradiated from both sides. Irradiation was performed at least in duplicate at six different times.

Two glass slides and two titanium slides were left untreated and served as controls.

After treatment, irradiated and control slides were submerged in 2 ml PBS. No extra rinsing was performed.

The remaining *Candida* cells were then photometrically measured using the XTT-formazan method described above. Each test was performed at least in duplicate, and all values were obtained from sixfold application.

Scanning electron microscopy {#Sec7}
----------------------------

Two more samples of the in vitro *Candida* biofilm on glass and titanium were fixed at the end of the laser application with freshly prepared paraformaldehyde (2% in PBS, Serva, Heidelberg, Germany), for at least 24 h at 8°C. The samples were dehydrated with ethanol (60--100%) and dried by the critical point method according to the instructions of the manufacturer (Polaron, Watford, UK). They were then sputtered with gold--palladium (Fisons Instruments, Uckfield, UK) prior to evaluation by scanning electron microscopy (SEM) (Zeiss DSM 960, Oberkochen, Germany) at 15 kV.

Each sample was qualitatively analysed to establish the number of *Candida* cells at the end of the laser procedure, their form, and the integrity of the fungal cells.

Statistical evaluation {#Sec8}
----------------------

Data were analysed with SAS 9.1 software (SAS Institute Inc., Cary, NC, USA). We used a heteroscedastic mixed linear model analysis (two-factor block design) using the SAS Procedure PROC MIXED with an analysis of variance--F statistic (ANOVA-F) approximation to examine the effect of the different treatments. Multiple comparisons with the control were performed, using the closure testing principle \[[@CR25]\]. The results were regarded as significant if the *P* value was smaller than 0.05.

Results {#Sec9}
=======

Results of in vitro laser irradiation {#Sec10}
-------------------------------------

There were no differences in the amount of cell growth between the glass and titanium surfaces colonised by the two isolates *C. alb.* SK1 and *C. alb.* SK2. No significant differences were observed between the different surfaces and with the two oral *Candida* isolates (*C. alb.* SK1, *P* = 0.4815; *C. alb.* SK2, *P* = 0.3536) (Fig. [1](#Fig1){ref-type="fig"}). Fig. 1SEM image of *Candida albicans* biofilms grown for 5 days on glass and titanium surfaces. No morphological difference between the two isolates *C. alb.* SK1 (**a**, **c**) and *C. alb.* SK2 (**b**, **d**) colonising glass (**a**, **b**) and titanium (**c**, **d**) surfaces became obvious in the SEM evaluation. Blastoconidia and pseudomycelia could be observed. All ×1,000. The *bars* represent 10 μm

The efficacy of the different treatments was similar for both surfaces, but the inter-treatment differences were significant for both *C. alb.* SK1 (*P* \< 0.0001) and *C. alb.* SK2 (*P* = 0.0001).

The two lasers showed significant efficacy on vital *Candida* biofilms after the clinically relevant application time of 80 s compared to the controls as well as compared to each other. *C. albicans* SK1: control versus treatment by diode laser *P* \< 0.0001; control versus treatment by Er:YAG laser *P* \< 0.0001 (Table [1](#Tab1){ref-type="table"}, Fig. [2](#Fig2){ref-type="fig"}).*C. albicans* SK2: control versus treatment by diode laser *P* \< 0.0001; control versus treatment by Er:YAG laser *P* \< 0.0001. Statistical significance was clearly observed for both oral *Candida* isolates (Table [1](#Tab1){ref-type="table"}, Table [2](#Tab2){ref-type="table"} and Fig. [2](#Fig2){ref-type="fig"}). Fig. 2Box plots of the efficacy of the treatment of the *Candida* biofilms by diode and Er:YAG irradiation on glass and titanium surfaces. The results of the evaluation on the oral isolates *C. albicans* SK1 (**a** and **b**) and *C. albicans* SK 2 (**c** and **d**) are depicted, in comparison with the control values. The trial was performed at least in duplicate with six repetitions. The absolute values (OD 492 nm) are depicted on the ordinates. The reduction in the viability of *Candida albicans* cells following the irradiation by diode and Er:YAG laser light for 80 s each is shown. Compared to the controls, the reduction with both laser regimens was statistically significant (\*). A statistically significant difference was also demonstrated for the comparison of diode and Er:YAG laser (\*\*). *OD* optical density Table 1Evaluation of the laser treatment of *Candida albicans* SK1 on glass and titanium slides. The mean values (492 nm) of the photometric XTT measurement of untreated controls and treated samples after diode and Er:YAG laser irradiation are depicted in bold type. They were calculated from six repetitions. The standard error (*SE*) and minimum (*Min*) and maximum (*Max*) values are presented as well as the statistical analysisSurfaceTreatmentMean value, 492 nmSEMinMaxStatistical analysisGlassControl**0.25**0.040.200.31Control/diode, *P* \< 0.0001; control/Er:YAG, *P* \< 0.0001Diode/Er:YAG, *P* \< 0,0003GlassDiode**0.03**0.030.0100.06GlassEr:YAG**0.01**0.010.000.02TitaniumControl**0.25**0.050.180.30TitaniumDiode**0.02**0.030.000.06TitaniumEr:YAG**0.00**0.000.000.001 Table 2Evaluation of the laser treatment of *Candida albicans* SK2. Treatment and experimental and analytical conditions as in Table [1](#Tab1){ref-type="table"}. *SD* standard deviationSurfaceTreatmentMean value, 492 nmSDMinMaxStatistical analysisGlassControl**0.20**0.050.150.25Control/diode, *P* \< 0.0001; control/Er:YAG, *P* \< 0.0001Diode/Er:YAG, *P* \< 0.0001GlassDiode**0.02**0.010.010.03GlassEr:YAG**0.00**0.000.000.003TitaniumControl**0.23**0.070.160.38TitaniumDiode**0.02**0.030.000.06TitaniumEr:YAG**0.00**0.010.000.02

Additionally, the statistical comparison of the diode laser versus Er:YAG laser revealed significant differences. The efficacy of the Er:YAG laser light exceeded that of the diode. The significant differences were obtained with each of the oral *Candida* isolates tested: *C. albicans* SK1: diode versus Er:YAG laser (*P* \< 0.0059).*C. albicans* SK2: diode versus Er:YAG laser (*P* \< 0.0001) (Tables [1](#Tab1){ref-type="table"} and [2](#Tab2){ref-type="table"}; Fig. [2](#Fig2){ref-type="fig"}).

Scanning electron microscopy {#Sec11}
----------------------------

Scanning electron microscopy was performed to visualise the efficacy of the two different laser wavelength compared to the controls. The complexity and the multilayer of the biofilms are clearly shown (Fig. [1](#Fig1){ref-type="fig"}). The efficacy of the diode laser light, applied in direct contact mode, is visualised in Fig. [3](#Fig3){ref-type="fig"}a and b. The cells seem to have been squashed and melted by direct contact with the glass fibre of the diode laser. It is obvious that the fungal cells are left almost unchanged in the other areas. In contrast to these effects, the Er:YAG laser light, in combination with water cooling, has damaged the fungal cells to a greater extent, wherever it reached the surface, and removed nearly all damaged cells from the surface of the slides (Fig. [3](#Fig3){ref-type="fig"}c and d). Fig. 3Efficacy of the diode (**a**, **b**) and the Er:YAG (**c**, **d**) laser treatments demonstrated by SEM. **a**, **c** ×1,000; **b**, **d** ×3,000. The *bars* represent 10 μm. The *Candida* cells seem to be squashed and melted due to the direct contact with the laser fibre (*thin arrows*). In other areas the fungal cells are left almost unchanged (*thick arrows*). In combination with the cooling water, this Er:YAG laser treatment damaged the fungal cells to a greater extent wherever it reached the surface and nearly removed the damaged cells from the surface of the slides

Discussion {#Sec12}
==========

Our investigation evaluated the efficacy of diode and Er:YAG laser light on *Candida albicans* biofilms. The basic objectives followed SEM observations of patients with failing dental implants. *Candida albicans* was seen as a frequent coloniser of infected peri-implant sites, in accordance with findings of other study groups \[[@CR11]\]. Furthermore, it has been demonstrated that the biofilm network of microorganisms leads to significantly decreased levels of susceptibility to the conventional antimicrobial and antifungal agents \[[@CR4]\]. In vitro biofilm models have been established on various surfaces to investigate different antimicrobial strategies with good reproducibility \[[@CR26], [@CR27]\]. In this study a biofilm model of *Candida*, based on the work of Chandra et al., was used and modified for the special investigational problems (see Methods).

Even though the major role of periodonto-pathogens in the development of peri-implant infections has been scientifically confirmed, it has to be taken into account that the combination of bacteria and yeasts in biofilms results in an even higher pathogenic potential \[[@CR28]\]. Particularly, elderly denture wearers show oral *Candida albicans* growth in frequencies above average \[[@CR6], [@CR7]\]. *C. albicans* as a commensal of normal oral flora can change into an opportunistic pathogen, when the immunological situation of the host changes, by expressing several pathogenicity factors \[[@CR29]\]. These microorganisms are able to cause a variety of severe infections in immuno-deficiency situations \[[@CR4], [@CR5]\]. The peri-implant site next to rough implant surfaces reveals a decreased immune defence compared to the gingivo-periodontal situation \[[@CR30], [@CR31]\]. Therefore, *C. albicans* might find an optimal environment for its conversion into an opportunistic pathogen. In combination with the decreased susceptibilities of microorganisms towards conventional methods of treatment in the situation of biofilm formation, the evaluation of the efficacy of new methods, such as laser irradiation, is of scientific interest.

The efficacy of laser light of various wavelengths to decontaminate surfaces has been demonstrated repeatedly in vitro \[[@CR14]--[@CR17],[@CR32],[@CR33]\]. Its clinical use in the treatment of peri-implantitis has been described \[[@CR19]--[@CR21]\], but there are only a few studies on the direct effects of laser light on oral biofilms \[[@CR34]--[@CR37]\], and the reported efficacy of the laser treatment shows great variability. Additionally, different wavelengths have been used. Rovaldi and colleges \[[@CR38]\], for example, found a 6-log bacterial decrease by photosensitising and following 662 nm laser irradiation in vitro. However, the same treatment mode applied to plaque bacterial biofilm samples from periodontally affected persons by other authors only led to a 75--92% reduction, which means a ≤ 2-log decrease \[[@CR17]\]. Schwarz and colleagues found a high efficacy of Er:YAG laser irradiation on intra-orally grown early biofilms \[[@CR18]\]. This group has shown that the efficacy of the Er:YAG wavelength increased above the effects of conventional treatment. The results of our study support the findings of Schwarz and co-workers and, furthermore, show the efficacy of the Er:YAG laser on mature *Candida* biofilms.

There are, likewise, only a few studies evaluating the effect of laser light on fungal biofilms \[[@CR22]--[@CR24]\]. Ward et al. determined laser light of 1,064 nm wavelength, applied at 10 J, 8 ms, 10 Hz, to be effective on different bacteria and yeasts on agar plates, without changing the surface of the agar in these power settings \[[@CR24]\]. Donnelly and co-workers used specific staining methods to increase the efficacy of laser irradiation on *C. albicans* biofilms on the oral mucosa to evaluate the effect of photodynamic antimicrobial therapy (PDT) on both planktonic- and biofilm-grown *Candida albicans* cells \[[@CR22]\]. They found it necessary to increase photosensitiser concentration and incubation time, as well as laser light doses, over clinically capable measures to achieve high decontamination rates for *Candida* grown in biofilms compared to the planktonic form. The study group around De Souza \[[@CR23]\] aimed at the effects of low-level diode laser radiation (685 nm) associated with photosensitisers on the viability of different species of *Candida* genus. Laser radiation in the presence of methylene blue reduced the number of colony forming units per millilitre by 88.6% for *C. albicans*. Though the PDT mode of antibacterial operation differs from that of high-power laser light, the results of our study considerably exceeded those low-level therapy results.

Conclusion {#Sec13}
==========

*Candida albicans* biofilms play a major role on mucosal surfaces and different medical devices where the immunological defence is diminished. The accumulation of the microorganisms in biofilms decreases their susceptibilities towards conventional treatment modalities. Our study was able to show the efficacy of diode light, and particularly Er:YAG laser light, on *Candida albicans* biofilms grown on glass and titanium surfaces after a clinically tenable application time. Especially, the treatment outcome on titanium surfaces makes the results valuable for laser application in the treatment of peri-implant infections. When diode laser light is applied on dental implants, adequate cooling-off times will be essential, to avoid overheating of the adjacent bone.
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